Abstract
Introduction
to low order modes, to intermediate order modes, and to processing with min-imal arrays. Minimal arrays have the fewest number of elements to achieve a given BER threshold, and the hydrophone depths are allowed to vary depend-146 ing on the source-receiver distance. It is shown that full modal resolution 147 is unnecessary to achieve low BERs. It is demonstrated that the optimal 148 hydrophone depths can be well predicted using mode rays (rays whose ac- e) The mode 20 pulse at 250 km range filtered using 5001 hydrophones with 1 m spacing. f) The mode 20 pulse at 250 km range processed using two hydrophones at 710 m and 740 m depth. All amplitudes are normalized to unity, except the mode 20 pulse amplitude at the source (b), which is normalized to the peak amplitude of the mode 30 pulse (c) to show that the mode 30 pulse is excited slightly stronger than the mode 20 pulse. g) The wave field intensity versus arrival time and depth at 250 km range produced by a point source placed at 190 m depth that transmits 1 binary digit. Thus, the probability of achieving a certain BER with a given array geometry 268 is estimated in 10% increments.
269
Now the post-processing steps of the simulated wave fields, such as shown 270 in Figure 3a) 
90%

Mode number
BERs < 5% at r ≤ 500 km Array configurations resulting in BERs of less than 1% with 80% probability, at all eight ranges simultaneously up to 400 km, from processing of modes 1, 2, and 3 with a simulated SNR=20 dB. c) Array configurations resulting in BERs of less than 1% with 90% probability, at all eight ranges simultaneously up to 400 km, from processing of modes 1, 2, and 3 with a simulated SNR=20 dB. d) Same as panel (b), but with BERs of less than 5% at ten ranges up to 500 km. e) Same as panel (c), but with BERs of less than 5% at ten ranges up to 500 km. Note that the mode numbers are integers and the array configurations are offset horizontally from the integer marks for visualization purposes. 
333
We refer to this analysis as "mode processing" as opposed to "mode filtering" sum of contributions from mode 3 is sufficient to achieve low BERs.
383
One important objective of this work is to study the array requirements 384 depending on SNR. Acoustic wave fields with different SNR levels are simu-
Number of hydrophones Mode 1, BERs < 1%; r ≤ 400 km Mode 1, BERs < 5%; r ≤ 500 km Mode 2, BERs < 1%; r ≤ 400 km Mode 2, BERs < 5%; r ≤ 500 km Mode 3, BERs < 1%; r ≤ 400 km Mode 3, BERs < 5%; r ≤ 500 km The number of hydrophones required to achieve either BERs of less than 1% at ranges up to 400 km or BERs of less than 5% at ranges up to 500 km with 80% probability by processing modes 1-3 for various SNRs. Sixty-three hydrophones are required to achieve BERs < 1% at r ≤ 400 km by processing mode 3 with an SNR of 5 dB (not shown).
lated as explained in Section III. The least number of hydrophones required to achieve BERs of less than 1% at ranges up to 400 km or BERs of less 387 than 5% at ranges up to 500 km with 80% probability for each SNR value 388 is shown in Figure 5 
411
The energy then scatters back into mode 19 and the modal pulse spreads in 412 time. Since it is impossible to excite only one mode with a point source, it 413 is better to "change" the source depth towards exciting higher order modes.
414
A way to estimate an optimal source depth is shown in Figure 6 . This figure   415 shows the dependence of the waveguide invariant β on frequency for modes 416 19 and 20 constructed using the asymptotic quantization condition [26] . It 417 is desirable to excite modes at those frequencies for which β is close to 0. 
60% 80%
BERs < 5% at r ≤ 500 km The number of hydrophones required to achieve either BERs of less than 1% at ranges up to 400 km or BERs of less than 5% at ranges up to 500 km with 50% probability using processing of modes 19 and 20 for various SNRs. One hundred and fifty-eight hydrophones are required to achieve BERs < 5% at r ≤ 500 km by processing mode 19 with an SNR of 5 dB (not shown). Table 1 : The least number of hydrophones, at optimal receiver depths, required to achieve BERs of less than 1% at ranges up to 400 km as a function of mode number and SNR. Three values in each cell of the table correspond to the probabilities of 50%, 80%, and 90%. The infinity symbol means that no arrays satisfy the desired criteria.
C0
(a) P P P P P P P P P P P P an existing array of an arbitrary length and configuration.
497
How does one find the depths of hydrophones that result in low BERs?
498
While there is no simple rule that guarantees that desired positions can be 499 found without prior measurements of the wave field, some guidelines can be 500 offered. These guidelines are based on the results shown in Figure 9 . In this This paper shows that only a small number of hydrophones may be 606 needed to achieve low BERs without channel equalization. With fixed re-607 ceiver depths and at the ten ranges considered (between 50 km and 500 km) 608 only 4 hydrophones are needed to achieve BERs of less than 5% using mode 609 1, 11 using mode 2, and 12 using mode 3 for all propagation distances pro- 
640
The results presented in this paper rely on the assumption that the sound 641 speed profile is approximated as a range-independent background profile with 642 small range-and depth-dependent IW-induced perturbations superimposed.
643
In environments with strong range dependence, however, similar analysis can 
741
The total number of 2-element arrays is
which is 47,586 in C0 and 231,540 in C1. The total number of 3-element 743 arrays is
which is 23,716 in C0 and 115,600 in C1. In general, the total number of 745 k-element arrays is
where the sum is taken over all such integer j's that result in all terms The number of hydrophones required to achieve either BERs of 920 less than 1% at ranges up to 400 km or BERs of less than 5% at 921 ranges up to 500 km with 80% probability by processing modes The number of hydrophones required to achieve either BERs 937 of less than 1% at ranges up to 400 km or BERs of less than 5%
938
at ranges up to 500 km with 50% probability using processing 
